Animal models play a major role in understanding the etiology, molecular mechanisms, strategizing intervention and treatment of human diseases. ACI, an inbred line derived from August and Copenhagen strains, is unique for its susceptibility to estrogen-induced mammary tumors. Histologically and in many molecular aspects, the tumors formed in these rats are similar to human breast cancers. Previous studies have shown high mortality and significant weight loss in this model associated with pituitary gland abnormality. We hypothesized that this could be due to overwhelming the biological system with estrogen. Three groups of female ACI rats (7-8 weeks) received either 3-cm sham silastic implants, or the conventional 3-cm silastic implants containing 27 mg of 17ß-estradiol, or 1.2-cm silastic implants containing 9 mg 17ß-estradiol. The sham and 3-cm implant rats were euthanized at 180 days while the 1.2-cm implant rats were euthanized at 240 days. The 1.2-cm implants resulted in significantly reduced serum estrogen levels and pituitary gland size. Animals with 1.2-cm implants had 100% tumor incidence, while not all rats developed tumors with 3-cm implants. Both the tumor burden (from 1,011±402 to 2,324±454 mm 3 ; p=0.01) and tumor multiplicity (from 5.78±1.4 to 7.6±1.04) increased by lowering the estrogen dose, and the inter-animal variability in the tumor indices decreased. Finally, the weight of the pituitary gland was also significantly (p=0.0004) reduced (from 178±23.5 mg to 80±8.9 mg) and the mortality rate decreased from 42% to 0% (p=0.01). Our data indicate that the improvised model will provide valuable insights into the molecular alterations in the estrogen-induced mammary tumorigenesis and will be ideal for inhibition studies.
Introduction
Estrogens are beneficial for normal growth and development of mammary glands and uterus. However, epidemiological studies in the past few decades have shown increased risk of breast and uterine cancer associated with estrogen exposure (1, 2) . The role of estrogens in regulation of cell proliferation and breast carcinogenesis has been well documented (1, 3, 4) . Prolonged exposure to high estrogen levels in women has been associated with increased incidence of breast cancer (2, 5, 6) . Estrogen appears to play a dual role in breast cancer progression; as a pro-carcinogen in inducing genetic damage (7, 8) and in hormone-stimulated cell proliferation (9, 10) . However, the exact mechanisms of tumor induction by estrogen remain to be elucidated.
Animal models play a major role in understanding the etiology and molecular mechanisms of human diseases. They help in successful development of intervention and treatment strategies. It is imperative that the model used has similarities in the way the disease is acquired or manifests in humans to better understand the mechanisms involved. ACI rats, a cross between August and Copenhagen rats, have been shown to develop mammary tumors when exposed to several estrogenic compounds and 17ß-estradiol (E 2 ) (11, 12) . This model is suitable to study mammary tumorigenesis since E 2 -mediated tumor induction is more translatable to the human scenario than animal models that develop tumors with exposure to chemical carcinogens and physical carcinogens, due to mechanistic differences (13) . Furthermore, the histological and molecular aspects of ACI rat mammary tumors are comparable to human breast cancers. ACI rats have been used to study the mechanism of estrogenic substances in tumor formation in mammary tissues. Several investigators have implanted these rats with cholesterol pellets containing diethylstilbestrol to study tumorigenesis (14, 15) . E 2 was administered by silastic implants to induce tumors by Shull et al (13) and later, Li et al (16) demonstrated similar findings using E 2 encapsulated in cholesterol pellets. However, morbidity and mortality associated with pituitary tumors has remained a major concern. While most of the rats develop severe sickness symptoms, some of the rats die from pituitary tumors, even before the development of mammary tumors. The associated morbidity might be a concern in the interpretation of the mechanism of estrogen-induced carcinogenesis in mammary tissue.
In the present study, we dramatically reduced pituitary tumor-associated morbidity and mortality in this model, which was a major setback, limiting its applications. Thus, this improvised model may be best suited for chemoprevention studies and testing therapeutic agents targeting estrogenmediated mammary cancer development.
Materials and methods
Chemicals. 17ß-estradiol was purchased from Steraloids, Inc. (Newport, RI). All other chemicals were analytical grade unless otherwise specified.
Animals. Six-to 7-week-old female ACI rats were purchased from Harlan Sprague-Dawley, Inc. (Indianapolis, IN). The rats were housed in cages and fed food and water ad libitum and acclimatized for a week. The rats received AIN-93M purified diet (Harlan Teklad, Inc., Madison, WI) for the entire study.
Implants. The silastic tube (2.0x3.2 mm; i.d. x o.d.) was purchased from Allied Biomedical, Inc. (Ventura, CA) and medical-grade silicone adhesive was purchased from Factor II, Inc. (Lakeside, AZ). Implants were prepared as described by Wiklund et al (17) , and followed by Shull et al (13) . The implants were 3 cm and 1.2 cm in length, containing 27 mg and 9 mg of E 2 , respectively. The effective length of the tube available for compound delivery was 2.8 cm and 1.0 cm, respectively.
Treatment. The animals were weighed and anesthetized by isofluorane inhalation and transferred to a warm bed with a nose cone for anesthetizing agent. A small area on the back of the animal was shaved and cleaned with 70% ethanol. An approximately 1-cm incision was made in the clean shaved area and blunt forceps were used to separate the skin from the underlying subcutaneous tissue to create a cavity. The implant was inserted into the subcutaneous cavity and closed using a sterile 9-mm clip. The animals were immediately transferred to the cage with warm bedding for 1 h and monitored for any surgery-related injuries, before being transferred to their respective cages. The clip was removed after 2 weeks, when the wound was completely healed. The animals were weighed every 2 weeks. Six rats from each group were sacrificed at the end of 90 days after E 2 implant to study short-term effects of the estradiol implants. Blood, liver, mammary and pituitary tissues were collected and their weights were recorded. A portion of the tissues were fixed in 10% buffered formalin and remaining tissues were snap frozen and stored at -80˚C for future use. The remaining 3-cm and 1.2-cm implant rats were sacrificed at 180 and 240 days, respectively, after E 2 implant. If the rats were found morbid or when the largest tumor reached approximately 1.5 cm, they were euthanized pre-term. The findings were recorded and tissues collected and stored appropriately. The location, number and size (measured using vernier calipers) of tumors were recorded. Blood was collected for serum E 2 and plasma prolactin analyses, and mammary gland, including tumors, pituitary gland and liver were harvested. A portion of the tissues were fixed in 10% buffered formalin and processed for histopathological and immunohistochemical analyses.
Circulating serum E 2 was analyzed from blood samples by electrochemiluminescent detection using the Roche E170 immunoassay analyzer at the University Hospital's Clinical Chemistry facility. The detection range for this method is 5-4300 pg/ml. An estradiol II reagent kit was purchased from Roche Diagnostics, Inc. (Indianapolis, IN) and conditions were followed as per the manufacturer's instructions. The assay was calibrated using the standards provided by the vendor. All samples were assayed in duplicate.
Plasma prolactin. Levels of plasma prolactin, secreted by the pituitary prolactinomas were determined using the Rat Prolactin EIA kit (Alpco Diagnostics, Windham, NH). Limited serum samples were analyzed in parallel to rule out interference from heparin.
Histology and immunohistochemistry. Five-micron sections cut from paraffin blocks of mammary and pituitary tissues were dewaxed and rehydrated through graded ethanol to water for routine H&E staining and immunohistochemistry. Endogenous peroxidase was blocked with 3% H 2 O 2 for 10 min. Antigen retrieval was carried out by boiling the sections in a 0.01-M citrate buffer, pH 6.0, for 40 min in a water bath. Sections were stained for proliferating cell nuclear antigen (PCNA) using a Zymed ready-to-use kit (Invitrogen Co., Carlsbad, CA). For Ki-67 staining, sections were incubated with Ki-67 antibody (clone MIB-5) (Dako, Glostrup, Denmark) at a dilution of 1:50 for 30 min. Secondary antibody treatment and detection was carried out using a Dako LSAB universal detection kit. Sections were washed with 2 changes of phosphate-buffered saline (PBS) for 3 min between steps. The avidin-biotin complex (ABC) method was used according to the manufacturer's instructions for both the antibodies and color was developed with 3,3'-diaminobenzidine tetrahydrochloride (DAB), and counterstained with hematoxylin, dehydrated with a series of ethanol, cleared with xylene and mounted. For negative controls, primary antibody was replaced with PBS. Sections were viewed under a bright-field microscope. Positively-stained cells were scored per 100 cells per field and 10 such fields were scored. Slides were blinded and scored by 3 cytopathologists and average values are presented.
Statistical analyses. Differences between the means of the treatments were calculated for serum E 2 levels, liver, mammary and pituitary weights, body weight, tumor multiplicity and tumor volume, at 90 days and 180/240 days after E 2 treatment and p-values were determined by Student's t-test. Serum E 2 levels, tissue weights and body weights were compared using ANOVA. Tumor multiplicity was analyzed using the Negative-Binomial-regression model with logarithmic link. Tumor volume was compared using the non-parametric van der Waarden test.
Results
General observations. The rats with 3-cm implants showed symptoms of ill health which include rough hair coat, stooped spine, loss of balance and, finally, a 42% mortality rate. However, the survival rate was 100% in the 1.2-cm implant group with no or very minimal signs of sickness at termination. Body weight. There was no difference in the body weight between sham-treated and 3-cm implant rats at 90 days, while it was higher in rats with 1.2-cm implants. The 3-cm implant rats started losing weight from around 133 days after E 2 implants until termination (180 days). Of the 12 rats with 3-cm implants, 4 animals were terminated between 131 and 155 days due to morbidity and sickness. The rats with 1.2-cm implants did not show any adverse symptoms until the end of the treatment period (240 days) and had a body weight slightly higher than the control rats ( Fig. 1 ). Significant differences were observed in the body weight between the two E 2treated groups at 90 and 180 days (p=0.0081; p<0.0001). No significant gain in body weight was observed in the 1.2-cm implant group between 180 days and 240 days (p=0.146) as the growth plateaued around 200 days ( Fig. 1) .
Circulating E 2 levels. The serum E 2 levels in the 3 cm-and 1.2-cm implant rats were significantly higher than in the untreated group (Table I) . At 90 days, the circulating E 2 levels were 3.6-fold higher in the 3-cm implant rats compared to the sham treated, while only a 1.3-fold increase was observed in the 1.2-cm implant rats. Similarly at 180 days, a 6.8-fold increase was observed in the 3-cm implant rats and a 3.8-fold increase was observed at 240 days in the 1.2-cm implant rats.
Plasma prolactin. Plasma prolactin levels increased by 19and 8-fold at 90 days in the 3-cm and 1.2-cm implant groups (p=0.0013 and p<0.0001), respectively, compared with the sham treated (Table I) . At termination, prolactin levels increased by 47-and 27-fold in the 2 groups (p<0.0001 and p=0.0003). The differences in prolactin levels between the two implant groups at both 90 days (p=0.0208) and at termination (p=0.0037) were significant. Corresponding serum samples processed in parallel from 1 rat per group gave comparable results (data not shown) indicating that the commercial serum prolactin kit is also suitable for plasma.
Liver, mammary and pituitary weights. The wet weight of the liver and mammary tissues correlated with the body weight. At 90 days, the liver weight increased by 2 g in the 3-cmimplant rats and 3 g in the 1.2-cm implant rats, while mammary tissue weight increased by nearly 2-and 3-fold, respectively (Table I) . However, at the termination of the experiment, the liver weight declined significantly and a moderate decrease Table I . Effect of 3-cm and 1.2-cm 17ß-estradiol implants on body weight, organ weight and circulating hormone levels in ACI rats. -
in the mammary tissue weight was observed in the 3-cm implant rats. The decreases in liver and mammary weights with 1.2-cm implants were not statistically significant. The weight of pituitary gland was 2-fold higher in the 3-cm implant group as compared with the smaller implant group both at 90 days and termination (Table I) .
Tumor volume and multiplicity. At the termination of the study, a slight but insignificant increase in the tumor multiplicity was observed with 1.2-cm estrogen implants compared with larger implants (p=0.073); however, the tumor volume increased by nearly 2-fold (p=0.0125) (Table II) . Noteworthy is the reduction in inter-animal variability in both the tumor volume and multiplicity with shorter implants (Fig. 2 ). All the rats with 1.2-cm implants developed tumors before termination, which was not the case with the larger implant group. There was also a significant difference in the calculated average volume per tumor between the 2 groups (p=0.0154), with the volume being nearly 2-fold greater in the 1.2-cm implant group.
Histopathology
Mammary glands. The untreated and sham-implanted rats showed normal mammary morphology both at 90 and 180 days. At 90 days, the mammary glands of all the rats with 3-cm and 1.2-cm implants demonstrated a moderate degree of lobular hyperplasia. While some 3-cm implanted rats showed a palpable (6 mm) large duct papillary in situ carcinoma and a microscopic focus of atypical ductal epithelial hyperplasia (ADH) involving one ductile, none of the rats with a 1.2-cm implant developed ADH or DCIS (ductal carcinoma in situ) before the 90-day time point ( Fig. 3) . At termination nine of 12 rats showed either microscopic or macroscopic evidence of in situ ductal carcinomas. All the rats in the 1.2-cm implant group developed tumors and some of the large duct tumors were larger than those detected in the 3-cm implant rats, which was most likely due to continued growth of these tumors for a longer time (Fig. 4) .
Pituitary gland. The pituitary gland showed no change with the sham treatment and was small and normal both at 90 and 180 days. At 90 days 3 of 6 rats in the 3-cm implant group showed an indication of microadenoma formation. In contrast, the pituitary in 4 of 6 rats in the 1.2-cm implant group revealed mild enlargement and congestion without microadenoma formation. Both the implant groups had an enlarged pituitary ( Fig. 5 ). At termination, the gland size, which was enlarged nearly 3-4 times in the 3-cm implant rats compared with sham-treated rats, was only twice the size with the smaller implants. The enlargement was mostly due to development of pituitary adenoma with marked congestion and/or hemorrhage (Fig. 6 ). The pituitary gland in the 3-cm implant rats invariably showed diffuse congestion with fresh hemorrhage within the tumor. Rats with smaller implants showed a lesser degree of congestion and hemorrhage, and the congestion and hemorrhage was seen in fewer animals in this group. Thus, the 1.2-cm implant rats survived longer since the chance of dying from pituitary hemorrhage was markedly delayed.
Cell proliferation markers. PCNA was detected by immunohistochemistry in the nucleus of normal, hyperplastic and carcinomatous mammary tissues ( Figs. 3 and 4 ). No significant difference in the staining was observed for PCNA and Ki-67 in the mammary tissues between the two E 2 -implanted groups. In contrast, in the pituitary tissues, significantly increased proliferation was observed in the larger implant group Table II . Effect of 3-cm and 1.2-cm 17ß-estradiol implants on tumor indices in the ACI rat model. 
.05 is considered significant. Values presented are mean ± SEM. (Table III) .
Discussion
The sensitivity of the ACI rat model to estrogen makes it ideal to study the mechanism of estrogen-induced mammary epithelial transformation. The model exhibits tumor morphology that is similar to human breast carcinomas. Therefore, molecular alterations in the process of tumorigenesis in this model would provide valuable insights into estrogen-induced oncogenesis.
Studies have shown that extended treatment with estrogen results in benign pituitary tumors that produce prolactin in many rat strains (18, 19) . Estrogen-sensitive rat strains develop mammary tumors with an increase in plasma prolactin levels, and hyperprolactinemia due to pituitary tumors is, in fact, considered as one of the major causative factors for development of estrogen-induced mammary tumors (20, 21) . While the ACI rat model is ideal to study estrogen-induced mammary tumorigenesis, associated problems arising with pituitary tumors do not provide a sufficient window to utilize this model for several other studies such as intervention. In this study, we have shown that by restricting the amount of estrogen delivered, it is possible to restrict the size of pituitary tumors, and yet induce mammary tumors thereby keeping the pituitary tumor associated morbidity and mortality at bay. Although the rats with 1.2-cm implants developed pituitary tumors, they were smaller and less hemorrhagic than with the 3-cm implants, and therefore the morbidity and mortality associated with pituitary pathology was brought down to virtually nil. The size of the pituitary was reduced to nearly one half with 1.2-cm implants compared with the longer implants, although the adenomas were histologically similar. The weight of the pituitary gland dropped significantly in the shorter implant group, both at 90 days as well as at termination. This data is supported by the plasma prolactin levels that were down by 2.5-and 1.7-fold at 90 days and at termination, respectively, in the 1.2-cm implant group.
From the histopathological analysis, it is evident that the development of lobular hyperplasia occurs very early on with estrogen exposure irrespective of the dose. However, the development of early signs of abnormality, i.e. atypical ductal hyperplasia and microscopic areas of DCIS, is dependent upon the amount of estrogen. These changes were detected at 90 days in some of the rats receiving 3-cm implants but not with 1.2-cm implants. By reducing the dosage of estrogen, we have shown that the development of tumor progression is delayed. Nevertheless, all experimental animals developed mammary tumor with less estrogen (1.2-cm implant group) at 240 days.
The lack of significant difference in the proliferative indices (PCNA and Ki-67) between the two groups in mammary tissue suggests that the shorter implant with lesser estrogen was sufficient to elicit a proliferative response and subsequent tumor formation. In contrast, a significant reduction of pituitary proliferation was found, highlighting the negative effect of excessive estrogen on the pituitary gland in the 3-cm implant group. We believe that the high mortality associated with the existing model could be due to overdose of estrogen. The amount of E 2 released from the 1.2-cm implants was enough to induce proliferation and transformation of the mammary epithelial cells. The reduction in mortality that we established with the ACI rats is a significant improvement of the model.
Though estrogen has been implicated in mammary carcinogenesis, the exact mechanism of its action has been elusive. This improvised model will be useful in understanding the mechanism by which E 2 induces cell proliferation and transformation, and also in chemoprevention studies. By using appropriate methods, the different molecular mechanisms of the transformation process may be better understood. The improvised model would provide valuable insights into the molecular alterations in the estrogen-induced mammary tumorigenesis and be ideally suitable to study known chemopreventive agents as well as therapeutic agents. Table III 
